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Objectives: 


The  objectives  of  this  project  are  to  fundamentally  understand  the  interaction  between  spore 
forming  bacteria  and  thermite  reactions  and  products  and  to  exploit  energetic  material  reactions 
with  biocidal  properties  to  destroy  bacteria  and  investigate  how  the  properties  of  individual 
nano-scale  particles  influence  their  macroscopic  combustion  behaviors  and  mechanisms  of 
interactions  with  spore  forming  bacteria.  These  objectives  will  be  addressed  through  examining 
the  response  of  spores  exposed  to  gas  generating  thermites  that  include  iodine  or  other  halogen 
species  that  demonstrate  the  potential  to  neutralize  bacteria.  This  investigation  will  characterize 
the  gas  phase  chemical  species  responsible  for  bacterium  neutralization  as  well  as  examine  the 
thermal  and  physical  effects,  such  as  exposure  time,  on  spore  destruction.  Reaction  kinetics  of 
the  candidate  thermites  will  also  be  studied  to  elucidate  the  mechanisms  of  destruction.  This 
project  introduces  two  distinct  approaches  of: 

(1)  creating  a  highly  porous,  solid  products  with  naturally  antibacterial  and  biocidal  properties 
using  combustion  synthesis  of  mildly  energetic  reactants;  and, 

(2)  engineering  an  aerosolized  spray  of  biocidal  gases  using  unique  a  deflagration  synthesis 
approach. 

Accomplishments  for  all  years: 

Major  Activity  1:  Creating  highly  porous  antibacterial  solid  materials  through  combustion 

synthesis 


Specific  Objectives: 

a.  Characterize  how  the  balance  of  reactants  influences  the  combustion  and  bactericidal 
behaviors  of  the  product  foam. 

b.  Evaluate  the  impact  of  heating  rate  on  the  combustion  of  the  foam  product. 

c.  Investigate  the  Biocidal  Properties  of  the  Foam  Product 

This  study  examines  a  method  to  create  highly  porous,  antibacterial  solid  materials  (or  foams) 
through  combustion  synthesis.  By  combining  nano-scale  Silver  Oxide  (Ag20)  or  Ti02  particles 
with  Aluminum  (Al)  nano-scale  particles,  the  reaction  produces  a  self-propagating  heat  wave 
that  will  synthesize  metallic  foams  made  of  pores  only  nanometers  wide  that  inherently  exhibits 
antibacterial  properties.  The  extraordinarily  high  surface  areas  these  foams  possess  serve  as  an 
excellent  platform  for  the  neutralization  of  bacteria.  These  newly  synthesized  alloys  present  a 
novel  approach  to  bacterial  neutralization. 


Experiments  are  performed  to  demonstrate  the  baeterial  growth  kineties  on  synthesized  foams. 
Baeillus  Subtilis  is  a  spore-forming  baeterium  like  anthrax  but  benign  and  is  used  for  this  study. 
The  first  experimental  results  are  obtained  for  mixtures  eomposed  of  Al/Ag20  and  Al/Ti02. 
Experiments  are  also  eondueted  on  micron-seale  Al/Ag20  to  examine  the  effeet  of  the  partiele 
size.  The  nanometer  aluminum  partieles  (nmAl)  are  obtained  by  NovaCentrix  with  an  average 
partiele  diameter  of  50  nm  passivated  with  an  average  alumina  shell  thiekness  of  2  nm  and  are 
spherical  in  shape.  The  10  micrometer  A1  (micron  Al)  particles  have  an  estimated  3  nm  thick 
oxide  shell  and  are  also  spherical.  All  other  metal  oxide  particles  also  exhibit  spherical 
morphology.  The  Ag20  was  purchased  from  Sigma-Aldrich  in  two  different  sizes  and  has  an 
average  particle  diameter  of  30  microns  and  100  nm.  Particle  size,  Al  shell  thickness  and 
morphology  information  were  provided  by  the  suppliers.  Each  mixture  was  prepared  for  a 
stoichiometric  equivalence  ratio  of  1.0.  Each  sample  contains  100  mg  of  reactant  mixture  and 
density  can  be  varied  from  5%  (loose  powder)  to  cold  pressed  at  a  theoretical  maximum  density 
of  70%. 

Self-propagating  high-temperature  synthesis  (SHS)  is  used  to  create  the  metallic  foams  and  the 
experimental  set-up.  A  metallic  foam  is  created  when  a  mildly  energetic  composite  includes  a 
modest  amount  of  gasifying  agent  (GA).  During  a  reaction  the  GA  generates  nucleation  sites  that 
promote  the  formation  of  bubbles.  As  the  reaction  wave  passes,  the  gas  pockets  within  the 
bubbles  escape  leaving  a  porous  structure.  In  previous  combustion  synthesis  studies,  a  GA  may 
be  added  as  a  separate  reactant  usually  in  the  form  of  a  powder  or  granular  material.  In  this 
study,  the  metal  oxide  nanoparticles  act  as  the  GA  in  each  mixture.  Most  previous  work 
pertaining  to  the  synthesis  of  porous  materials  using  combustion  synthesis  was  limited  to 
micron-scale  reactant  particles. 

The  product  foams  are  then  placed  on  an  agar  plate  and  50  pE  of  Bacillis  Subtilis  is  applied 
directly  on  and  around  the  material.  The  metallic  foams  are  placed  in  an  incubator  for  24  hours  at 
37°C  and  then  removed  and  checked  for  bacterial  growth.  The  samples  are  then  placed  back  into 
the  incubator  for  another  24  hours  and  the  results  are  discussed  below. 

Experiments  show  no  bacterial  growth  after  24  hours  on  the  nano  Ag20  or  nano  Ti02,  but  does 
show  colony  forming  unit  (CEU)  growth  areas  on  the  micron  Ag20  nanofoam.  After  48  hours, 
there  are  significant  CEUs  on  all  of  the  foams,  except  for  the  nano  AlAg20  which  shows  no  sign 
of  any  bacteria.  A  Rigaku  Ultima  III  X-ray  diffractometer  (40  kV,  44  mA,  Cu  Ka  radiation)  was 
employed  for  X-ray  powder  diffraction  measurements  (XRD).The  specimens  were  scanned  from 
20.0  to  80.0  degrees  in  0.15  second  intervals  at  the  resolution  of  0.03  degrees  and  the  results  give 
insight  into  the  actual  product  composition  of  the  metallic  nanofoams.  The  nano  Al-l-Ag20  show 
significant  percentages  of  Ag  in  the  products  while  the  micron  Al-l-Ag20  samples  show  high 
amounts  of  Ago.55Alo.35.  Of  the  metal  ions,  silver  exhibits  the  highest  toxicity  for  microorganisms 
and  the  least  toxicity  to  animal  cells.  The  antimicrobial  spectrum  of  silver  is  extensive,  including 
gram-negative  aenterobacteria  and  gram-positive  cocci.  When  silver  particles  approach  nano¬ 
scale  dimensions  they  exhibit  increased  chemical  activity  due  to  their  large  surface  to  volume 


ratios  and  crystallographic  surface  structure.  The  bactericidal  properties  of  the  nanopartieles  are 
size  dependent,  and  initial  studies  on  nanocrystalline  silver  confirm  that  their  material  structure  is 
unique  leading  to  its  effectiveness  as  an  antifungal  and  antibacterial  agent. 

Key  Outcomes: 

1 .  Combustion  synthesis  can  be  used  to  ereate  materials  that  have  antibacterial  properties. 

2.  Baeteria  growth  kinetics  are  a  function  of  reactant  particle  size. 

3.  Nanoseale  reactants  are  more  effeetive  in  neutralizing  bacteria. 

4.  Ti02  partieles  can  delay,  but  not  prevent  bacterial  growth,  and; 

5.  antibacterial  metallic  nanofoams  can  be  easily  created  as  a  structural  material  or  a 
metallic  coating  through  combustion  synthesis  and  have  far-reaching  applications. 

Please  see  the  attaehed  artiele  for  more  detailed  information. 

Major  Activity  2:  Generating  bioeidal  gases  through  deflagration  synthesis 

Specific  Objectives: 

a.  Explore  the  eoupling  of  thermal  and  ehemical  effects. 

b.  Examine  effect  of  environmental  conditions  on  bacterial  efficacy. 

c.  Investigate  the  kinetics  of  halogen  eontaining  oxides. 

Significant  Results: 

The  objective  of  this  study  is  to  understand  the  components  preceeding  and  enabling  the 
deaetivation  of  Bacillus  thuringiensis  spores,  with  variable  temperature  and  iodine  gas 
treatements.  This  is  aecomplished  by  experiments  that  isolate  and  focus  on  the  effects  of 
temperature,  iodine  gas  and  the  combination  of  the  two  parameters,  allowing  for  quantifiable 
eomparisons  between  treatments  and  analysis  of  the  efficacy  of  deactivation. 

It  is  critical  in  the  destruction  of  spore  forming  bacteria  to  fundamentally  examine  the 
eomponents  enabling  deaetivation  of  Bacillus  thuringiensis.  The  deaetivation  is  attributed  to  the 
thermal  effect  of  the  heat  on  the  spore  and  the  assoeiated  chemical  effect  of  halogen  gas  (i.e., 
produced  from  thermite  eombustion).  Results  show  heat  transfer  in  the  spore  enhanees  the 
effectiveness  of  the  halogen  gasses  in  the  deactivation  process  and  that  elevated  temperatures 
inerease  spore  permeability,  facilitating  gas  penetration  and  accelerating  spore  deactivation. 
These  results  provide  molecular-level  insights  into  the  components  underpinning  biological 
processes  leading  to  spore  neutralization. 

The  results  of  this  study  lay  the  foundation  upon  which  the  effieiency  of  thermite  bacterial 
deactivation  may  be  improved.  Analyses  of  dwell  times  reveal  parameters  directly  affecting 


bacterial  deactivation  when  utilizing  both  heat  and  biocidal  iodine  gas.  This  knowledge  being 
previously  related  to  biocidal  solutions  only  and  not  gasses.  Yet,  gas  generation  and  dispersion 
may  be  an  important  method  for  improving  spatial  neutralization  of  biocidal  agents,  especially 
those  related  to  mass  bacterial  spore  destruction. 

Bacillus  Thuringiensis  Neutralization  Using  a  Thermo-Chemical  Combination 

Numerous  papers  and  a  great  number  of  researches  have  observed  the  effectiveness  of  Iodine  and 
temperature  to  neutralize  different  bacillus  types.  Iodine  has  been  shown  to  be  very  effective  yet 
relatively  slow  in  its  neutralization  of  bacterial  spores.  A  sizeable  reduction  in  dwell  time  would 
render  Iodine  a  major  tool  in  the  area  of  bacterial  neutralization.  Bacteria  exposed  solely  to 
temperature  have  been  observed  to  reach  a  point  of  inactivation,  yet  these  required  really  high 
temperatures  and  dwell  times.  Having  observed  the  individual  abilities  of  these  two  mediums, 
experiments  were  setup  to  observe  and  study  the  behavior  and  effectiveness  in  neutralization  of 
combining  the  Iodine  and  temperature. 

The  setup  consisted  of  a  biocidal  exposure  chamber  in  which  dried  Bacillus  thuringiensis  was 
exposed  to  iodine  gas  and  temperature.  The  biocidal  exposure  chamber  was  made  of  glass  allow 
for  quick  even  distribution  of  the  heat.  Iodine  crystals  where  used  instead  of  combusting  an 
Aluminum  Iodine  Pentoxide  mix.  This  allowed  the  focus  to  be  primarily  on  the  effect  of  the 
generated  gas,  temperature  and  the  exposure  times. 

A  wide  range  of  temperatures  were  tested  with  a  constant  amount  of  iodine.  The  observed  range 
of  temperatures  was  from  700C-1300C  in  increments  of  lOOC.  The  observed  exposure  time  were 
15,  30  and  45  minutes  respectively.  Tests  were  performed  observing  both  the  effects  of  just  the 
temperature  and  also  the  combination  of  temperature  and  iodine  gas.  This  would  allow  for 
observation  of  the  balance  of  each  agent  in  the  neutralization  process. 

Initial  tests  in  the  700C-1000C  range,  showed  no  effects  to  the  combination  of  the  thermal  and 
chemical  attack.  Minor  results  were  observed  at  a  lOOOC  for  the  maximum  exposure  time  of  45 
minutes.  Effective  results  from  the  combination  of  iodine  and  temperature  were  observed  in  the 
1 100C-1200C  range.  In  this  range  effective  neutralization  was  observed  at  the  minimal  dwell 
time  of  15  minutes.  From  the  observations  it  was  deduced  that  the  neutralization  in  this  range 
was  due  more  to  the  presence  of  the  iodine,  than  to  the  temperature.  This  can  be  confirmed  by 
observing  the  temperature  only  tests  which  show  that  temperature  alone  shows  no  effects  until  it 
is  above  the  1200C  point.  Therefore  there  appears  to  be  an  optimal  range  at  which  the 
combination  of  the  thermal  and  chemical  aspects  prove  to  be  most  effective,  at  reduced 
temperatures.  A  continued  increase  in  temperature  does  show  effective  neutralization  at  the 
minimal  allocated  dwell  time. 

The  ability  to  effectively  decrease  the  dwell  time  of  iodine  has  to  this  point  not  been  observed. 
This  study  has  shown  that  it  is  indeed  a  possibility  and  that  an  optimal  range  of  temperature 


exists  that  facilitates  the  neutralizing  capabilities  of  iodine.  These  observations  have  led  to  the 
initiating  of  2  new  studies.  Firstly  a  thorough  investigation  of  the  observed  optimal  temperature 
range  to  see  how  small  a  dwell  time  can  be  achieved.  Secondly  a  study  into  the  mechanisms  that 
renders  a  spore  more  quickly  susceptible  to  neutralization  due  to  the  combination  of  a  thermal 
and  chemical  effect. 

Humidity ’s  effect  on  iodine  neutralization  of  Bacillus  Thuringiensis  spores 

Iodine’s  antibacterial  properties  are  well  known;  because  of  this,  reactive  materials  that  release 
iodine  gas  have  been  studied  for  their  ability  to  neutralize  bacteria.  These  studies  have  shown 
iodine  producing  reactive  materials  are  effective  against  spore  forming  bacteria,  but  are  sensitive 
to  the  relative  humidity  in  the  testing  environment.  Results  from  tests  run  in  relative  high 
humidity  environments  show  a  decreased  ability  of  iodine  to  effectively  neutralize  bacteria 
during  a  one  hour  exposure.  This  could  be  caused  by  iodine’s  ability  to  be  dissolved  into  water. 
This  reduces  the  concentration  of  iodine  in  the  environment  reducing  the  ability  to  neutralize 
bacteria.  Characterizing  these  reactions’  sensitivity  to  humidity  is  important  to  determine  their 
abilities  as  biocidal  agents. 

These  tests  were  conducted  using  a  sealed  blast  chamber  with  a  drying  train  consisting  of  2 
blower  motors  and  a  silica  desiccant  drying  chamber.  These  tests  were  conducted  at  35  percent 
(atmospheric)  and  at  24  percent  humidity  using  two  different  reactive  materials,  A1  +  I2O5  and  A1 
+  Ca(I03)2.  Two  tests  for  each  combination  of  reactive  material  and  humidity  were  conducted 
with  4  samples  of  dried  Bacillus  Thuringiesis  per  test.  Each  sample  consisted  of  0.1  mL  of  a  10^6 
spores  per  O.lmL  BT  spore  suspension;  which  were  then  dried  for  24  hours  at  37oC.  For  each 
test  250  mg  of  RM  was  placed  in  the  center  of  the  BRC  and  the  sample  vials  were  placed  12  cm 
up  in  the  walls  of  the  BRC. 

The  results  of  the  35  percent  humidity  tests  showed  neither  reactive  material  significantly 
decreased  spore  growth  when  compared  to  the  control  plates.  During  these  test  iodine  pools 
formed  in  BRC  after  the  one  hour  exposure  time;  showing  that  the  Iodine  was  combining  with 
the  moisture  in  the  air.  The  24  percent  humidity  test  showed  strong  evidence  of  a  reduction  in 
spore  growth  when  compared  to  the  non-exposed  control  plates.  No  evidence  of  iodine  pooling 
was  evident  after  the  one  hour  exposure  time. 

These  preliminary  results  give  evidence  that  the  ability  of  iodine  to  neutralize  bacteria  is 
sensitive  to  the  humidity  in  the  surrounding  environment.  Iodine’s  hygroscopic  nature  could 
explain  this  sensitivity,  the  iodine  that  is  released  by  the  reaction  combines  with  the  moisture  in 
the  environment  to  produce  ionic  acid. 


Kinetics  of  Nanoenergetics  with  Halogen  Containing  Oxides 


Because  iodine  has  been  shown  to  be  effective  in  neutralizing  spore  form  bacteria,  reactions  that 
have  gaseous  iodine  as  a  product  need  to  be  characterized  in  order  to  effectively  utilize  their 
products  to  battle  these  bacteria.  In  order  to  produce  halogen  gases,  compounds  containing  both  a 
halogen  gas  and  oxygen  were  selected.  Due  to  the  electronegativity  of  chlorine  (3.16),  iodine 
(2.66)  and  oxygen  (3.44),  reaction  containing  either  of  these  halogens  and  oxygen  have  the 
potential  for  the  aluminum  to  react  with  oxygen  leaving  the  halogen  gas  as  a  free  gas  product. 

The  four  compounds  mixed  with  aluminum  were  I2O5,  Ca(I03)2,  AglOs,  KCIO4. 

Both  thermal  equilibrium  and  non-equilibrium  test  were  performed  and  the  results  compared  to 
REAL  code  modeling  software  in  order  to  gauge  the  energy  output  and  relative  efficiencies  of 
each  reaction  at  each  reaction  rate.  A  Neztsch  STA  409  differential  scanning  calorimeter  and 
thermogravimetric  analyzer  (DSC/TGA)  was  used  for  the  thermal  equilibrium  test.  An  -'8mg 
sample  was  loaded  into  a  platinum  crucible  with  an  alumina  liner  and  placed  on  a  sample  carrier 
inside  an  oven  and  heated  at  lOK/min  until  the  reaction  was  complete.  The  crucible  lid  was 
vented  in  order  to  prevent  pressurization  within  the  device.  The  reacting  crucible  was  compared 
to  an  empty  reference  crucible  in  order  to  obtain  the  net  energetic  and  mass  changes.  Also,  the 
sample  carrier  is  mounted  on  a  microscale  allowing  for  mass  change  measurements  that  relay 
information  as  to  the  gas  production  nature  of  the  reactants  and  products  at  the  various 
temperatures.  The  area  under  the  DSC  curve  was  used  to  obtain  the  net  exothermic  behavior  of 
each  given  reaction. 

For  the  non-equilibrium  tests,  a  Parr  model  1341  bomb  calorimeter  was  used  with  a  model  1108 
oxygen  combustion  bomb  chamber.  Using  REAL  code  values  for  theoretical  heats  of  combustion 
based  on  the  heat  of  formation  for  the  reactants  and  products,  powder  massed  were  determined  in 
order  to  obtain  a  0.5  to  IK  elevation  of  a  2kg  water  bath  above  the  calibrated  energy  inputs  of  a 
stirrer  and  other  environmental  factors.  Using  a  60%  value  between  the  lines  extrapolated  before 
and  after  the  reaction  on  a  temperature  vs  time  plot,  a  dT  value  was  obtained  in  order  to  find  the 
energy  associated  with  heating  the  steel  bomb  chamber  and  water. 

The  results  show  that  10A1+3I2O5  is  the  most  energetic  formulation.  In  the  thermo-equilibrium 
environment,  this  reaction  also  had  the  largest  mass  loss  at  85%.  The  mass  loss  began  before  the 
temperature  was  high  enough  to  activate  the  aluminum  causing  some  reactant  loss,  which 
partially  accounts  for  the  reduced  exothermic  behavior  in  the  DSC  experiments  when  compared 
to  the  bomb  calorimeter.  The  high  energy  and  gas  production  is  consistent  with  a  reaction  that 
produces  a  iodine  in  a  violent  and  percussive  manner.  A  much  less  violent  reaction  with  a  large 
mass  loss  of  73%  is  the  reaction  4Al+Ca(I03)2.  The  reaction  is  28%  less  energetic  than 
IOAI+3I2O5  in  the  bomb  calorimeter.  The  lower  energetic  nature  and  gas  production  implies  that 
the  reaction  would  produce  iodine  gas  in  a  more  controlled,  less  destructive  nature  than  the 
IOAI+3I2O5  reaction  with  2Al+AgI03  falling  in  between. 


In  an  effort  to  attempt  to  obtain  ehlorine  gas  in  a  reaetion,  KCIO4  was  used,  but  the  resulting 
produets  have  no  gas  produetion  sinee  the  potassium  and  ehlorine  remained  bonded  after  the 
eombustion. 

The  most  reeent  results  suggest  a  synergistie  behavior  between  the  iodine  gas  and  temperature  in 
the  deaetivation  of  Bacillus  thuringiensis .  Due  to  the  modes  of  deaetivation  this  synergistie 
behavior  may  be  beneficial  in  the  reduction  of  dwell  times.  In  regard  to  thermite  reactions  and 
their  thermal  propagation  gradient,  this  knowledge  would  prove  useful  in  potentially  improving 
deactivation  efficiency.  The  results  suggest  a  thermite  reaction  with  increased  spatial  temperature 
distribution  and  slow  burning  characteristics  could  potentially  show  sizable  improvements  as  a 
spore  neutralization  medium. 

Composite  energetic  materials  that  include  biocidal  agents  have  recently  spurred  interest  for  their 
potential  to  deactivate  spore  forming  bacteria.  We  have  examined  the  feasibility  of  this  approach 
using  bacterial  spores  that  include  bacillus  thuringiensis  and  bacillus  anthracis  exposed  to 
energetic  formulations  that  include  iodine,  such  as  aluminum  and  iodine  pentoxide  (AI-I2O5). 
These  fundamental  studies  resulted  in  an  understanding  that  a  balance  of  two  primary  reaction 
parameters  needs  to  be  coupled  in  order  to  reduce  dwell  times:  temperature  and  the  production  of 
iodine  gas.  However,  those  studies  examined  spore  neutralization  on  the  order  of  minutes  while 
the  current  impetus  is  to  deactivate  spore  forming  bacteria  within  milliseconds.  Towards  this 
end,  the  results  from  previous  studies  have  been  extrapolated  to  the  millisecond  time  regime  in 
an  effort  to  identify  the  potential  reaction  conditions  that  will  ensure  deactivation.  The  Pearson 
product-moment  correlation  confirmed  linear  dependence  of  the  data  prior  to  the  extrapolation 
and  results  show  that  the  coupled  thermal-biocidal  gas  mechanism  will  require  elevated 
temperatures  of  SbO^C  and  allow  for  80%  deactivation  in  tens  of  milliseconds  while  thermal 
conditions  alone  would  require  nearly  1000“C  for  the  same  deactivation. 

It  should  be  noted  that  the  energetic  formulations  such  as  AI-I2O5,  Allx,  and  Al-AglO  all  produce 
locally  isolated  elevated  temperatures,  localized  near  the  source.  The  spatial  distribution  of 
temperature  from  any  of  these  composite  energetic  materials  has  been  documented  to 
exponentially  decrease  with  distance  from  the  reaction.  Using  these  formulations  for  these 
biocidal  applications  would  require  additives  to  the  formulation  that  would  increase  the  spatial 
distribution  of  temperature  or  perhaps  influence  the  permeability  of  the  spore  such  that  biocidal 
gas  transport  can  be  accelerated.  Other  contributing  factors  not  examined  yet  include  pressure 
waves  from  detonating  mixtures.  In  unconfined  settings,  these  candidate  formulations  deflagrate 
such  that  pressure  influences  are  negligible.  However,  confining  these  mixtures  or  adding 
explosives  may  facilitate  compression  waves  that  may  also  contribute  to  deactivation. 


Key  Outcomes: 

1 .  Reduction  of  dwell  time  is  feasible  and  can  be  achieved  with  an  optimum  combination 
of  temperature  and  iodine  gas. 

2.  Initial  study  indicates  that  humidity  plays  a  role  in  the  ability  of  iodine-based  oxidizers 
to  neutralize  BT  spores.  Lowering  the  moisture  in  the  air  allows  the  larger  amount  of 
iodine  to  remain  in  its  gas  phase  longer. 

3.  Ca(I03)2  is  a  viable  alternative  to  I2O5  as  an  iodine-based  biocidal  oxidizer. 

4.  A  new  theory  is  presented  for  cell  deactivation  based  on  the  permeability  of  the  cell 
structure. 

5.  The  coupled  thermal-biocidal  gas  mechanism  will  require  elevated  temperatures  of 
360°C  and  allow  for  80%  deactivation  in  tens  of  milliseconds  while  thermal  conditions 
alone  would  require  nearly  1000”C  for  the  same  deactivation. 

Please  see  the  attached  articles  for  more  information  on  this  topic. 
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Abstract 

Antibacterial  metallic  nanomaterials  are  created  as  a  structural  material  or  a  metallic  coating 
through  combustion  synthesis  and  have  far-reaching  applications  in  the  food  service  and  medical 
industry.  This  study  examines  a  method  to  create  highly  porous,  solid  materials  (or  foams) 
through  combustion  synthesis.  By  combining  nano-scale  Silver  Oxide  (Ag20)  or  Titanium 
Dioxide  (TiOi)  particles  with  nano-scale  Aluminum  (Al)  particles,  the  reaction  can  produce  a 
self-propagating  heat  wave  that  will  synthesize  metallic  foams  made  of  pores  only  nanometers 
wide  that  inherently  exhibit  antibacterial  properties.  The  extraordinarily  high  surface  areas  these 
foams  possess  serve  as  an  excellent  platform  for  the  neutralization  of  bacteria. 


Bacterial  contamination  in  hospitals,  food  industries,  and  public  environments  create  a  major 
public  health  issue.  Despite  considerable  research  and  development  efforts,  the  problem  of 
contaminations  related  to  biomedical  devices  and  food  preparation  persists.  Traditional  cleaning 
methods,  such  as  aerosolized  disinfectant  sprays  or  wipes  have  a  limited  effectiveness.  There  is  a 
strong  need  to  mitigate  bacterial  colonization  by  engendering  materials  with  properties  that 
include  surface  chemistry  [1-3]  and  surface  roughness  [4-6]  which  are  unfavorable  for  bacterial 
attachment  and  growth. 

Silver  has  been  used  for  years  in  many  bactericidal  applications  because  of  its  strong  toxicity  to  a 
wide  range  of  micro-organisms  [1-8].  Research  has  shown  that  the  bactericidal  properties  of 
silver  are  size  dependent,  and  only  nanoparticles  present  a  direct  interaction  with  the  bacteria  [3]. 
Titanium  dioxide  (TiOi)  has  also  become  a  popular  agent  for  bacterial  neutralization.  Several 
commercial  products  have  been  developed  that  incorporate  nanoparticles  of  Ti02  for 
antibacterial  applications  [9]. 

This  study  examines  a  method  to  create  highly  porous,  antibacterial  solid  materials  (or  foams) 
through  combustion  synthesis.  By  combining  nano-scale  Silver  Oxide  (Ag20)  or  nano-scaleTi02 
particles  with  Aluminum  (Al)  nano-scale  particles,  the  reaction  can  produce  a  self-propagating 
heat  wave  that  will  synthesize  metallic  foams  made  of  pores  only  nanometers  wide  that 
inherently  exhibit  antibacterial  properties.  The  extraordinarily  high  surface  areas  these  foams 
possess  serve  as  an  excellent  platform  for  the  neutralization  of  bacteria.  These  newly  synthesized 
alloys  present  a  novel  approach  to  bacterial  neutralization. 


A  metallic  foam  is  created  when  a  mildly  energetic  composite  includes  a  gasifying  agent  (GA). 
During  a  reaction  the  GA  generates  nucleation  sites  that  promote  the  formation  of  bubbles.  As 
the  reaction  wave  passes,  the  gas  pockets  within  the  bubbles  escape  leaving  a  porous  structure.  In 
previous  combustion  synthesis  studies,  a  GA  may  be  added  as  a  separate  reactant  usually  in  the 
form  of  a  powder  or  granular  material  [11-13].  In  this  study,  the  metal  oxide  nanoparticles  act  as 
the  GA  in  each  mixture  due  to  the  low  decomposition  temperature  associated  with  the  nano¬ 
scale.  Most  previous  work  pertaining  to  the  synthesis  of  porous  materials  using  combustion 
synthesis  was  limited  to  micron-scale  reactant  particles.  Tappan,  et  al.  recently  developed  a  new 
technique  for  the  formation  of  a  wide  range  of  new  nanoporous  metals  not  currently  accessible 
[14].  He  demonstrated  the  ability  to  form  foams  of  metals  with  differing  chemistries  and  crystal 
structures  including  silver.  The  structural  characteristics  of  the  metal  foams  vary  with 
composition  and  as  a  function  of  precursor  chemistry  and  overpressure  during  combustion  [14]. 

Self-propagating  high-temperature  synthesis  (SHS)  is  used  to  create  the  metallic  foams.  The 
reactant  particles  are  suspended  in  a  solvent  of  hexanes  and  mixed  using  ultrasonic  waves  that 
break  up  macro-scale  agglomerates.  The  final  powder  mixture  is  dried  and  cold-pressed  in  a 
uniaxial  die  to  create  cylindrical  samples.  The  theoretical  maximum  density  is  calculated  for 
each  mixture  as  a  weighted  average  of  the  pure  solid  densities  of  the  constituent  reactants  (Al, 
Ag20,  or  TiOi).  Each  sample  contains  100  mg  of  reactant  mixture  and  is  cold  pressed  to  a 
density  of  70%  of  the  theoretical  value.  The  nanometer  aluminum  particles  (nmAl) 
(NovaCentrix,  Inc)  with  an  average  particle  diameter  of  50  nm  are  passivated  with  an  average 
alumina  shell  2  nm  thick  and  used  in  the  nano-scale  samples.  The  10  micrometer  Al  (micron  Al) 
particles  have  an  estimated  3  nm  thick  oxide  shell  and  all  metal  oxide  particles  exhibit  spherical 


morphology  and  are  used  in  the  mieron-scale  samples.  The  Ag20  is  purchased  from  Sigma- 
Aldrich  in  two  different  sizes  and  has  an  average  particle  diameter  of  30  microns  and  100  nm. 
The  TiOi  is  also  purchased  from  Sigma- Aldrich  and  has  an  average  particle  diameter  of  100  nm. 
Particle  size,  A1  shell  thickness  and  morphology  information  are  provided  by  the  suppliers.  Each 
mixture  is  prepared  for  a  stoichiometric  equivalence  ratio  of  1.0. 

For  each  sample  set  illustrated  in  Figs.  1  and  2,  six  samples  are  pressed  and  created  through  SHS 
before  being  exposed  to  bacteria.  The  samples  are  ignited  using  Nickel/Chromium  wire  that  was 
fixed  in  spring  tension  along  the  sample’s  front  face.  The  product  microstructure  is  examined 
with  a  scanning  electron  microscope  (SEM-Hitachi  S-570)  using  a  high-resolution  stage  at  a 
voltage  of  20  kV  (Figure  1)  and  average  porosity  and  pore  size  can  be  measured  using  mercury 
pycnometry  with  silwick  as  the  wetting  agent,  which  is  a  method  analogous  to  hydrostatic 
weighing. 


Figure  1:  Scanning  electron  micrographs  (SEMs)  of  A1 -based  metallic  foams  created  through 
SHS  A.  nano  Ag20,  scale  500  nm,  average  pore  size  100  nm  ;  B.  nano  Ti02,  scale  5  pm,  average 
pore  size  1  pm;  C.  micron  Ag20,  scale  20  pm,  average  pore  size  5  pm 


Experiments  are  performed  to  demonstrate  the  bacterial  growth  kinetics  on  synthesized  foams. 
Bacillus  Subtilis  is  a  spore-forming  bacterium  like  anthrax  but  benign  [10]  and  used  for  this 
study.  It  was  chosen  because  of  its  representative  size  and  reactivity  for  several  strains  of 
dangerous  bacteria  [5].  The  first  experimental  results  are  obtained  for  mixtures  composed  of 
Al/Ag20  and  Al/TiOi.  Experiments  are  also  conducted  on  micron-scale  Al/Ag20  to  examine  the 
effect  of  the  particle  size  on  efficacy.  The  product  foams  are  placed  on  an  agar  plate  and  50  pL 
(3.0x10^  CEEl/ml  at  0.1  ml)  of  Bacillis  subtilis  is  collected  with  an  Eppendorf  research  pipette 
and  placed  directly  on  and  around  the  material  while  keeping  the  contact  area  consistent.  The 
metallic  foams  are  placed  in  an  incubator  for  24  hours  at  37°C  and  then  removed  and  checked  for 
bacterial  growth.  The  samples  are  then  placed  back  into  the  incubator  for  another  24  hours  and 
the  results  are  shown  in  Eigure  2.  The  bacterial  growth  is  highlighted  with  a  white  circle.  Eigure 
2C  shows  the  control  sample.  Each  sample  is  then  swabbed  and  the  bacteria  remaining  on  the 
sample  is  re-incubated  to  determine  bacteria  kill. 


Eigure  2:  Al-based  metallic  foams  after  exposure  A.  nano  Ag20;  B.  nano  Ti02;  C.  control 


After  24  hours,  there  is  no  bacterial  growth  on  the  nano  Ag20  or  nano  Ti02,  but  there  is  colony 
forming  unit  (CEEl)  growth  areas  on  the  micron  Ag20  nanofoam.  Eigure  2  is  used  to  qualitatively 


show  that  after  48  hours,  there  are  significant  CPUs  on  all  of  the  foams,  except  for  the  nano 
AlAg20  which  shows  no  sign  of  any  bacteria.  These  results  are  consistent  in  all  six  samples.  The 
micron  samples  do  not  delay  or  eliminate  growth  and  thus  are  not  shown  here  for  comparison. 
Further  experimentation  shows  that  the  bacteria  are  actually  killed  by  the  foam. 

A  Rigaku  Ultima  III  X-ray  diffractometer  (40  kV,  44  mA,  Cu  Ka  radiation)  was  employed  for 
X-ray  powder  diffraction  measurements  (XRD)  on  the  product  materials  for  both  particle  sizes 
investigated.The  specimens  were  scanned  from  20.0  to  80.0  degrees  in  0.15  second  intervals  at 
the  resolution  of  0.03  degrees  and  the  results  are  shown  in  Figure  3. 


Intensity(CountB) 


Two-Theta  (deg) 


Figure  3;  XRD  of  Nano  and  Micron  Al-l-Ag20 


These  results  give  insight  into  the  actual  product  composition  of  the  metallic  nano  foams.  The 
nano  Al+Ag20  show  significant  percentages  of  Ag  in  the  products  while  the  micron  Al+Ag20 
samples  show  high  amounts  of  Ago.ssAlojs.  Of  the  metal  ions,  silver  typically  exhibits  the 
highest  toxicity  for  microorganisms  and  the  least  toxicity  to  animal  cells  depending  on  the 
system  and  cell  lines.  The  antimicrobial  spectrum  of  silver  is  extensive,  including  gram -negative 
aenterobacteria  and  gram-positive  cocci  [3].  When  silver  particles  approach  nano-scale 
dimensions  they  exhibit  increased  chemical  activity  due  to  their  large  surface  to  volume  ratios 
and  crystallographic  surface  structure  [3-4].  The  bactericidal  properties  of  the  nanoparticles  are 


size  dependent,  and  initial  studies  on  nanocrystalline  silver  confirm  that  their  material  structure  is 
unique  [2-8]  leading  to  its  effectiveness  as  an  antifungal  and  antibacterial  agent. 

Five  important  conclusions  can  be  drawn  from  these  results.  1)  Combustion  synthesis  can  be 
used  to  create  materials  that  have  antibacterial  properties.  2)  Bacteria  growth  kinetics  appear  to 
be  a  function  of  reactant  particle  size.  3)  Nanoscale  reactants  are  more  effective  in  neutralizing 
bacteria.  4)  TiOi  particles  can  delay,  but  not  prevent  bacterial  growth,  and;  5)  metallic 
nano  foams  composed  of  nano-scale  A1  and  Ag20  prevent  growth  of  bacteria.  These  antibacterial 
metallic  nanofoams  can  be  easily  created  as  a  structural  material  or  a  metallic  coating  through 
combustion  synthesis  and  have  far-reaching  applications  in  the  food  service  and  medical 
industry. 

The  authors  would  like  to  acknowledge  support  from  DTRA  HDTRAl-10-1-0108  and  program 
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Abstract 

Composite  energetic  materials  that  include  biocidal  agents  have  recently  spurred  interest  for  their 
potential  to  deactivate  spore  forming  bacteria.  We  have  examined  the  feasibility  of  this  approach 
using  bacterial  spores  that  include  bacillus  thuringiensis  and  bacillus  anthracis  exposed  to 
energetic  formulations  that  include  iodine,  such  as  aluminum  and  iodine  pentoxide  (AI-I2O5). 
These  fundamental  studies  resulted  in  an  understanding  that  a  balance  of  two  primary  reaction 
parameters  needs  to  be  coupled  in  order  to  reduce  dwell  times:  temperature  and  the  production  of 
iodine  gas.  However,  those  studies  examined  spore  neutralization  on  the  order  of  minutes  while 
the  current  impetus  is  to  deactivate  spore  forming  bacteria  within  milliseconds.  Towards  this 
end,  the  results  from  previous  studies  have  been  extrapolated  to  the  millisecond  time  regime  in 
an  effort  to  identify  the  potential  reaction  conditions  that  will  ensure  deactivation.  The  Pearson 
product-moment  correlation  confirmed  linear  dependence  of  the  data  prior  to  the  extrapolation 
and  results  show  that  the  coupled  thermal-biocidal  gas  mechanism  will  require  elevated 
temperatures  of  360”C  and  allow  for  80%  deactivation  in  tens  of  milliseconds  while  thermal 
conditions  alone  would  require  nearly  IGOO^C  for  the  same  deactivation. 

Key  Words:  biological  warfare,  energetic  materials,  bacillus  thuringiensis,  iodine,  combustion 

Methods 

Iodine  gas  alone  was  shown  to  have  no  effect  on  deactivating  BT  spores,  but  a  combination  of 
elevated  temperatures  in  the  range  of  1 10  and  120‘’C  coupled  with  iodine  gas  were  successful  at 
deactivating  BT  over  a  period  of  15  minutes  [1].  While  this  study  aids  in  understanding  the 
fundamental  parameters  influencing  spore  deactivation,  accelerating  deactivation  to  the 
millisecond  time  regime  will  require  manipulation  of  these  parameters.  The  reader  is  referred  to 
[1]  for  details  of  that  experiment.  The  data  for  the  coupled  and  uncoupled  110  and  120°C  cases 
are  presented  in  Pig.  1 .  A  fifth-order  polynomial  fit  was  applied  to  each  set  of  data  to  produce 
individual  trend-line  equations. 
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Figure  1.  Polynomial  plots  of  the  deactivation  data  with  and  without  iodine 

The  Pearson  product-moment  correlation  coefficient  (PPMCC)  is  a  statistical  method  that 
provides  a  measure  of  linear  dependence  or  correlation  between  two  varying  sets  of  data  [2,  3]. 
The  correlation  measure  is  assigned  as  a  value  between  +1  and  -1;  +1  implying  that  a  linear 
equation  perfectly  describes  the  relationship  between  the  two  data  sets  while  -1  implies 
otherwise.  The  PPMCC  was  calculated  for  the  two  data  sets  containing  iodine  and  the  two 
without  iodine.  The  data  set  with  iodine  had  a  PPMCC  value  of  0.9914  and  the  data  with  no 
iodine  showed  a  higher  linear  value  of  0.9945.  Given  that  both  values  are  relatively  close  to  1, 
assumption  of  a  linear  relationship  between  the  two  data  sets  is  reasonable  for  both  conditions 
with  and  without  iodine. 

With  the  PPMCC  allowing  a  linearity  assumption,  this  analysis  is  then  focused  on  the  ms 
time  regime.  The  data  in  this  range  is  interpolated  to  include  100  points,  aiding  to  increase  the 
accuracy  of  following  calculations.  These  data  points  are  then  fitted  with  the  fifth-order 
polynomial.  The  coefficients  of  the  acquired  trend-lines  are  used  to  extract  linear  correlation 
constants  for  the  data  sets  with  no  iodine  as  well  as  the  iodine  containing  set.  For  example,  if 
Eqs.  (1)  and  (2)  represent  two  fifth-order  curve  fits,  based  on  assumed  linearity,  a  linear 
correlation  constant  Pi  could  be  determined  from  Eq.  (3).  For  Eqs.  (1)  and  (2),  ai  and  bi  are 
constants  of  the  indexed  (i)  order. 


Yi  —  afi  +a2t^  +  a3t^  +  a4t^  +  ajt^  +  ae 
Y2  =  bit  +b2t^  +  b3t^  +  b4t^  +  bst^  +  be 


(1) 


(2) 


Y2  =  P,Yi 


(3) 


The  two  temperatures  analyzed  (i.e.,  see  Fig.  1:110  and  120°C)  have  a  10  degree 
difference,  the  correlation  constant  Pi  is  therefore  a  function  of  10°C  for  the  non-  iodine  data  set 


as  well  as  the  ineluded  iodine  data  set.  Therefore,  this  leads  to  a  base  equation  for  both  the  1 10“C 
no  iodine  and  iodine  data  sets  shown  in  Eq.  (4) 

Y  =  Pf(ait  +a2t^  +  a3t^  +  a4t"^  +  ast^  +  ae)  (4) 

where  Y  is  the  percent  deactivation  (y-axis  in  Fig.  1),  Pf  is  the  linear  correlation  constant,  aiare 
known  coefficients  from  the  polynomial  fit  and  t  represents  the  time  in  seconds.  It  is  noted  that 
Pf  is  an  unknown  in  Eq.  (4).  Values  for  Pf  can  be  calculated  for  a  specified  amount  of  Y 
deactivation  at  time  t  and  using  Eq.  (5)  the  temperature  change  related  to  the  Pf  constant  can  be 
determined. 


Pi  ^Ti 


(5) 


In  Eq.  (5),  ATi  is  the  I0°C  associated  with  Pi.  Once  ATf  is  determined  it  is  added  to  the  base 
temperature  Ti  —  110°C  to  provide  the  final  temperature. 

Results 


Figure  2  shows  results  from  calculations  that  estimate  temperatures  required  to  perform  at 
least  80%  deactivations. 


A  B 


Figure  2.  Plots  of  estimated  millisecond  range  deactivation  behavior  A.  with  iodine  and 
temperature  coupled  mechanism  and  B.  with  elevated  temperature  only. 


Discussion 


The  extrapolation  analysis  reveals  that  a  temperature  of  around  360  °C  would  be  required 
for  80%  deaetivation  in  the  initial  milliseeond  range.  This  is  signifieantly  lower  than  the 
ealeulated  values  for  isolated  temperature  of  1000°C,  whieh  in  faet  eorrelate  with  heat  data  in 
literature  [4], 

It  should  be  noted  that  the  energetie  formulations  sueh  as  A1-I205  [5,6],  Allx  [7,  8],  and 
Al-AglO  [9]  all  produee  loeally  isolated  elevated  temperatures,  loealized  near  the  souree.  The 
spatial  distribution  of  temperature  from  any  of  these  eomposite  energetie  materials  has  been 
doeumented  to  exponentially  deerease  with  distanee  from  the  reaetion  [10].  Using  these 
formulations  for  these  bioeidal  applieations  would  require  additives  to  the  formulation  that 
would  inerease  the  spatial  distribution  of  temperature  or  perhaps  influenee  the  permeability  of 
the  spore  such  that  biocidal  gas  transport  can  be  accelerated.  Other  contributing  factors  not 
examined  here  include  pressure  waves  from  detonating  mixtures.  In  unconfined  settings,  these 
candidate  formulations  deflagrate  such  that  pressure  influences  are  negligible.  However, 
confining  these  mixtures  or  adding  explosives  may  facilitate  compression  waves  that  may  also 
contribute  to  deactivation. 

Conclusions 

In  the  pursuit  of  millisecond  dwell  times  with  minimal  energy  requirements,  it  is 
estimated  that  using  a  combination  of  elevated  temperature  and  iodine  gas  would  be  an  effective 
approach  requiring  a  minimum  temperature  of  SbO^C  that  would  allow  for  80%  BT  spore 
deactivation.  In  contrast,  elevated  temperatures  alone  would  require  1000°C  to  accomplish  the 
same  deactivation. 
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Abstract 

The  increase  in  the  threat  of  biological  warfare  has  led  to  an  increase  in  research  directed  toward 
methods  of  neutralizing  spore  forming  bacteria.  One  approach  takes  advantage  of  the  chemistry 
and  exothermic  energy  from  a  thermite  reaction  as  a  means  for  the  deactivation  of  bacterial 
spores.  The  spore’s  neutralization  upon  exposure  to  a  thermite  reaction  may  be  explained  by 
increased  permeability  within  the  spore  structure  due  heat  transfer  and  biocidal  chemistry 
resulting  from  the  reaction  temperature  and  generated  gas. 

The  objective  of  this  work  is  to  fundamentally  examine  the  components  enabling 
deactivation  of  Bacillus  thuringiensis .  The  deactivation  is  attributed  to  the  thermal  effect  of  the 
heat  on  the  spore  and  the  associated  chemical  effect  of  halogen  gas  (i.e.,  produced  from  thermite 
combustion).  Results  show  heat  transfer  in  the  spore  enhances  the  effectiveness  of  the  halogen 
gasses  in  the  deactivation  process  and  that  elevated  temperatures  increase  spore  permeability, 
facilitating  gas  penetration  and  accelerating  spore  deactivation.  These  results  provide  molecular- 
level  insights  into  the  components  underpinning  biological  processes  leading  to  spore 
neutralization. 

The  results  of  this  study  lay  the  foundation  upon  which  the  efficiency  of  thermite 
bacterial  deactivation  may  be  improved.  Analyses  of  dwell  times  reveal  parameters  directly 
affecting  bacterial  deactivation  when  utilizing  both  heat  and  biocidal  iodine  gas.  This  knowledge 
being  previously  related  to  biocidal  solutions  only  and  not  gasses.  Yet,  gas  generation  and 
dispersion  may  be  an  important  method  for  improving  spatial  neutralization  of  biocidal  agents, 
especially  those  related  to  mass  bacterial  spore  destruction. 


Introduction 


The  destructive  possibilities  of  anthrax  as  a  biological  weapon  have  been  observed  in  a  number 
of  different  situations,  from  the  1979  Moscow  incident  to  the  Tokyo  attacks  in  1993  (Inglesby  et 
ah,  1999).  The  threat  of  biological  warfare  is  a  very  real  possibility  with  several  countries  now 
undertaking  research  to  improve  and  strengthen  their  attack  and  defense  strategies  (Inglesby  et 
ah,  1999).  One  event  that  directly  affected  the  United  States  of  America  was  observed  in  the 
2001  “letter  attacks”.  That  event  claimed  the  life  of  5  individuals  and  contaminated  22  others 
(Kournikakis  et  ah,  2011).  Recently  various  methods  have  been  studied  for  the  sole  purpose  of 
neutralizing  this  threat  via  biocidal  solutions,  pressure  and  temperature  (Kida  et  ah,  2004,  Clery- 
Barraud  et  ah,  2004). 

A  contrasting  path  made  use  of  thermite  combustion  as  an  effective  neutralization  tool. 
The  most  effective  reaction  is  composed  of  aluminum  (Al)  fuel  and  iodine  pentoxide  (I2O5) 
oxidizer  (Clark  and  Pantoya,  2010).  This  reaction  generates  iodine  gas,  which  is  a  different  phase 
to  the  effective  biocidal  iodine  solutions  that  have  been  thoroughly  observed  (Pennell  et  ah, 

2008,  Lee  et  ah,  2008,  Kida  et  ah,  2004).  Initial  studies  showed  that  AI-I2O5  was  effective  in 
deactivating  Bacillus  spores,  with  dwell  times  in  the  45  min-1  hr  range  (Clark  and  Pantoya, 
2010).  Deactivation  (or  neutralization)  as  defined  here  is  destroying  the  ability  of  a  spore  to  grow 
and  form  colonies.  Bacillus  thuringiensis  is  used  as  the  testing  medium  in  this  work.  Rice  et 
al.(2005)  found  that  Bacillus  thuringiensis  ’  behavior  and  reaction  to  chemical  and  thermal 
attacks  closely  resembled  Bacillus  anthracis  behavior,  therefore  Bacillus  thuringiensis  was  used 
in  this  work  as  an  appropriate  surrogate  in  place  Bacillus  anthracis. 

The  deactivation  effectiveness  of  AI-I2O5  is  theorized  to  be  primarily  based  on  a 
combination  of  two  parameters:  iodine  gas  generation  and  thermal  energy  generation.  High 
temperatures  have  been  observed  to  effectively  deactivate  spores  (Mullican  et  ah,  1971, 
Alexander  et  ah,  1998).  However,  high  temperatures  generated  by  a  thermite  reaction  are 
typically  highly  localized  to  the  reaction  site  and  do  not  propagate  significantly  high 
temperatures  beyond  the  reactants.  Thermal  wave  propagation  of  a  thermite  reaction  show 
exponential  temperature  decreases  in  temperature  with  distance  from  the  reaction  (Bazyn  et  ah, 
2007).  These  observations  imply  that  to  achieve  effective  observations  with  the  use  of  thermites, 
iodine  gas  generation  would  need  to  participate  sizably  in  the  deactivation  process. 


The  objective  of  this  study  is  to  understand  the  components  preceeding  and  enabling  the 
deactivation  of  Bacillus  thuringiensis  spores,  with  variable  temperature  and  iodine  gas 
treatements.  This  is  accomplished  by  experiments  that  isolate  and  focus  on  the  effects  of 
temperature,  iodine  gas  and  the  combination  of  the  two  parameters,  allowing  for  quantifiable 
comparisons  between  treatments  and  analysis  of  the  efficacy  of  deactivation. 

MATERIALS  AND  METHODS 


Previous  thermal  related  studies  involving  bacterial  spores  show  that  for  quantitatively 
significant  results,  the  setup  should  have  the  spores  surrounded  by  heat,  in  a  medium  allowing 
for  fast  heat  transfer  (Clery-Barraud  et  ah,  2004,  David  and  Merson,  1990,  Mullican  et  ah,  1971). 
Based  on  this  understanding  a  biocidal  exposure  chamber  (BEC)  was  designed,  as  shown  in 
Fig.l.  The  BEC  is  composed  of  2  vials  made  of  thin  glass,  allowing  for  rapid  and  even 
distribution  of  temperature.  The  BEC  allows  for  direct  interaction  of  the  biocidal  gas  with  the 
Bacillus  spores,  which  are  dried  onto  the  bottom  of  the  top  vial  as  illustrated  in  Eig.  1 .  The  vials 
were  purchased  from  Wheaton  and  the  iodine  crystals  were  purchased  from  Sigma  Aldrich. 
Iodine  crystals  were  used  to  supply  the  iodine  gas  for  the  deactivation  tests.  In  order  to  produce 
equal  concentrations  of  iodine  gas  in  each  test,  25mg  of  iodine  crystals  were  used  in  each 
container.  Tests  indicated  that  25  mg  of  crystal  would  fully  sublimate  in  the  allotted  time  of 
testing,  therefore  allowing  for  equality  in  gas  concentrations  for  each  controlled  volume  test. 

This  study  first  isolates  the  effects  of  temperature,  then  iodine  gas  and  then  examines  the 
combined  effect  of  temperature  and  iodine  gas  on  the  spores. 


.  Bacillus  thuringiensis 
dried  to  vial  bottom 


Iodine  crystals  are 
placed  in  the 
bottom  of  this  vial 


Fig.  2  Biocidal  exposure  chamber  (BEC)  consisting  of  two  attached  vials 


Bacteria  Preparation 


Bacillus  thuringiensis  was  purchased  from  Raven  Labs  with  a  eoneentration  of  3.0x10^  CFU/ml. 
A  0.1ml  sample  is  eolleeted  with  an  Eppendorf  researeh  pipette  and  plaeed  in  the  top  portion  of 
the  BEC.  The  solution  in  the  vial  is  left  to  evaporate  at  37“C  for  12h  inside  a  Quiney  Eabs 
ineubator.  This  proeess  leaves  the  surface  of  the  vial  covered  with  the  dried  spores  whieh  are 
then  ready  for  further  experimentation. 

Experimental  procedures 

Temperature  based  tests: 

Post  bacteria  preparation,  the  vial  is  eonneeted  to  the  secondary  part  of  the  BEC,  eontaining  the 
iodine  erystals.  These  BECs  are  plaeed  within  an  Imperial  V  Eaboratory  oven  at  different 
temperatures  for  varying  times,  as  shown  in  Table  1.  The  iodine  gas  is  produeed  from  the 
sublimation  of  the  iodine  erystals.  The  BECs  vary,  a  portion  of  them  eontain  iodine  erystals 
while  the  others  do  not.  This  enables  isolation  of  temperature  effeets  as  eompared  to  the 
eombined  effeets  of  the  iodine  gas  and  temperature. 


Table  1  Matrix  of  experimental  eonditions  for  iodine  and  non-iodine  eontaining  BECs 


Exposure  time 

(min) 

Temperature  (°C) 

15:30:45 

70 

15:30:45 

80 

15:30:45 

90 

15:30:45 

100 

15:30:45 

no 

15:30:45 

120 

15:30:45 

130 

Iodine  based  tests: 


When  performing  the  iodine  only  tests,  a  hotplate  was  used  instead  of  the  oven.  The  hotplate  was 
set  to  the  same  temperatures  as  the  temperature  based  tests,  as  shown  in  Table  1,  to  keep  the 
iodine  gas  produetion  eonstant  for  all  tests.  Since  the  basis  of  the  iodine  tests  is  to  focus  solely  on 
the  effects  of  iodine,  it  was  necessary  to  limit  heat  transfer  to  the  vial  containing  the  dried  spores. 
An  Acrylonitrile  butadiene  styrene  (ABS)  divider  was  placed  between  the  vials  as  shown  in  Fig. 
2,  allowing  for  limited  heat  transfer  to  the  top  vial. 


Acrylonitrile  butadiene  styrene 
’(ABS)  seperator,  wrapped  with 
electrical  tape  as  support 


Fig.  3  BEC  with  ABS  divider 

Analysis 

Post  exposure  to  the  deactivation  agents,  the  BECs  containing  the  Bacillus  spores  were 
rehydrated  by  adding  0.1ml  of  distilled  water  followed  by  5min  shaking  on  a  Vortex  Genie-2 
mix,  to  assist  in  the  recovery  of  all  dried  spores.  Once  the  spores  are  re-suspended  in  the  distilled 
water,  they  are  drawn  out  and  deposited  onto  Eysogeny  Broth  (EB)  agar  plates  purchased  from 
Sigma  Aldrich.  These  plates  are  then  placed  into  an  incubator  at  37“C  for  24hr,  removed  to  be 
photographed  and  then  replaced  for  a  further  24hrs  after  which  the  agar  plates  are  again 
photographed.  Colony  growth  is  not  expected  to  continue  past  48hrs  and  that  is  the  reason  for  the 
allotted  incubation  time.  The  basis  of  a  quantifiable  measure  of  deactivation  lies  in  comparing 
the  exposed  sample  to  a  control  sample.  This  is  performed  using  colony  counts  and  covered 
surface  area  measurements,  allowing  for  increased  accuracy.  The  deactivation  ratio  {DR)  is 
computed  using  Eq.  (1) 


DR  = 


Test  # 


(1) 


Control  # 

where  Test#  and  Control#  are  the  colony  counts  and  surface  areas  retrieved  from  the  tested 
sample  and  control  sample.  The  deactivation  percentage  {DP)  is  calculated  using  Eq.  (2). 

DP  =  (1  -  DR)  *  100%  (2) 

This  approach  is  similar  to  the  viability  loss  method  used  by  other  investigators  (Jung  et  ah, 
2009,  Lee  and  Lee,  2006).  Microbial  deactivation  in  microbiology  studies  use  log  reduction  for 
quantifying  purposes.  In  relation  to  our  more  engineering  perspective,  if  HDR  =  100,  this  would 
be  referred  to  as  a  2  log  reduction  using  the  log  reduction  method. 

Spore  structure 

Dormant  Bacillus  spores  are  more  resistant  to  strenuous  treatments  than  their  biologically  active 
counterparts  (Bloomfield  and  Arthur,  1994,  McDonnell  and  Russell,  1999).  The  resistance  of  a 
spore  to  strenuous  treatment  and  other  types  of  attacks  is  dependent  on  a  variety  of  factors, 
including  spore  structure  and  chemical  composition(Setlow,  1995).  Understanding  the  makeup 
of  the  spore  will  aid  in  better  comprehending  the  response  to  strenuous  situations.  Lig.  3  shows  a 
simplified  3-dimensional  image  of  a  spore  illustrating  the  different  layers  making  up  the  spore. 


Lig.  4  Simplified  3D  depiction  of  spore  layers 


The  Bacillus  thuringiensis  spore  has  as  its  outer  most  layer,  the  exosporium  (Gerhardt  et  ah, 
1976).  This  is  not  standard  for  all  spores  as  some  (e.g..  Bacillus  subtilis)  do  not  have  an 
exosporium  or  they  are  very  small  in  size.  The  exosporium  may  be  viewed  as  an  extension  from 
the  coat  layer  beneath  it.  This  is  based  on  work  that  found  that  this  layer  contains  proteins 


specific  to  the  coat  beneath  it  (Todd  et  ah,  2003,  Lai  et  ah,  2003).  The  makeup  of  the  exosporium 
includes  proteins  and  glycoproteins  specific  to  exosporiums,  and  even  though  function  of  this 
layer  and  associated  proteins  are  not  yet  known,  they  are  believed  to  be  important  in  interactions 
with  other  organisms(Redmond  et  ah,  2004,  Todd  et  ah,  2003). 

The  layer  internal  to  the  exosporium  is  the  spore  coat,  which  is  separated  to  an  inner  and  outer 
coat.  It  is  made  of  several  structurally  complex  layers,  with  a  loose  fitting,  granular  outer  spore 
coat  and  a  laminated  inner  spore  coat(Gerhardt  et  al.,  1976).  The  spore  coat  is  believe  to  be 
composed  of  at  least  70  proteins  (McKenney  and  Eichenberger,  2012).  The  functions  of  the 
proteins  are  mostly  unknown,  but  some  are  known  to  be  morphogenic  and  dealing  with  the 
assembly  of  the  spore  (McKenney  and  Eichenberger,  2012,  Eai  et  ah,  2003,  Bailey-Smith  et  ah, 
2005). 

The  spore  coat  is  believed  to  play  a  vital  role  in  spore  resistance  to  certain  chemical 
attacks.  This  is  vital  in  protecting  the  cortex  from  interactions  with  chemicals  that  can  cause 
cortex  degradation,  and  possibly  prove  lethal  to  the  spore  (Tennen  et  ah,  2000,  Driks,  1999). 

This  layer  apparently  shows  no  resistance  to  radiation  and  heat  and  even  though  it  is  known  to  be 
resistant  to  some  chemicals,  there  are  chemicals  to  which  it  has  no  resistance(Driks,  1999). 
Internal  to  the  spore  coat  is  the  cortex  and  this  layer  is  composed  of  peptidoglycan  (PG)(Zhang  et 
ah,  2012).  Dormant  spore  formation  requires  reduction  in  the  water  content  of  the  spore  core, 
and  this  vital  role  is  performed  by  the  cortex.  During  germination  the  spore  core  expands  and  to 
allow  for  this  germination  process  the  cortex  is  degraded(Setlow,  2003).  The  spore  membrane 
lies  internal  to  the  cortex  and  is  a  main  defensive  layer,  protecting  the  spore  DNA  from  damage 
(Tennen  et  ah,  2000).  It  is  a  high  permeability  layer  that  acts  as  a  barrier  attempting  to  keep  out 
chemicals  and  other  potential  dangers  from  getting  to  the  spore  core  (Nicholson  et  ah,  2000, 
Tennen  et  ah,  2000). 

At  the  center  of  the  spore  lays  the  spore  core  containing  the  DNA,  tRNAs,  most  enzymes 
and  ribosomes  (Gerhardt  et  al.,  1976,  McKenney  and  Eichenberger,  2012).  Three  molecules 
exist  within  the  spore  cores  that  are  believed  to  play  a  role  in  its  defensive  attributes  (Eernandez 
et  al.,  1994,  Griffith  et  al.,  1994,  Paidhungat  et  al.,  2000).  These  are: 

1 .  Small  Acid-soluble  Spore  Proteins  (SASP)  of  the  a/p-type 

2.  Water 

3.  Dipicolinic  Acid  (DPA). 


The  a/p-type  SASP  exist  solely  in  the  spore  core  where  they  saturate  the  DNA  and  factor 
significantly  in  its  resistance  to  chemicals  and  heat  (Genest  et  ah,  2002,  Tennen  et  ah,  2000). 
Macromolecular  movement  is  restricted  in  the  core  due  to  low  amounts  of  free  water.  Around 
30-50%  wet  weight  of  the  core  is  made  up  of  water  and  this  low  water  content  is  believed  to  play 
an  important  role  in  regard  to  resistance  against  wet  heat  (Gerhardt  and  Marquis,  1989).  DPA  is 
located  in  the  spore  and  comprises  5-15%  of  the  spore’s  dry  weight.  The  low  water  content  in  the 
core  is  in  part  attributed  to  the  large  presence  of  DPA(Gerhardt  and  Marquis,  1989). 

RESULTS 

Temperature 

Tests  were  conducted  to  locate  the  range  of  temperatures  at  which  deactivation  would  occur  for 
the  setup  used.  These  were  conducted  in  two  ways:  observing  response  based  on  just  temperature 
and  observing  response  based  on  combined  effects  of  iodine  gas  and  thermal  exposure.  Figure  4 
presents  a  superimposition  of  the  two  output  graphs.  The  temperature  graph  shows  no 
significant  deactivation  in  the  range  from  60-110  °C,  yet  past  1 15  °C  increases  were  observed. 
Beyond  120  °C  sizeable  deactivation  is  observed.  These  results  were  based  on  dwell  times  of 
15minutes  and  were  repeated  3  times  for  repeatability  and  accuracy.  Comparing  the  two  graphs, 
there  is  a  disparity  observed  in  regard  to  the  temperatures  at  which  deactivation  begins.  It 
appears  that  the  addition  of  iodine  gas  results  in  a  sizeable  reduction  in  the  deactivation 
temperature. 

♦  Temperature  U  Combination 


c 


Temperature  (C) 


Fig.  5  Superimpositions  of  deactivation  trends 


Exposure  time 

Further  tests  were  performed  in  order  to  assess  the  influenee  of  dwell  time,  defined  here  as  the 
exposure  time  of  the  spore  to  the  environment  (i.e.,  thermal  and/or  chemical).  Exposure  times 
were  varied  up  to  15  minutes  and  results  are  shown  in  Fig.  5.  Included  in  these  results  is 
exposure  of  the  spores  to  just  the  iodine  gas  with  no  thermal  aspect  present  (see  Fig.  5a).  It  is 
interesting  to  notice  that  in  Fig.  5b,  there  appears  a  lag  time  associated  with  the  onset  of 
deactivation.  Another  observation  is  that  a  slight  increase  in  temperature  shortens  this  lag  time 
thereby  accelerating  the  onset  of  spore  deactivation. 
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Fig.  6  Percent  Bacillus  thuringiensis  deactivation  as  a  function  of  exposure  time.  a.  Samples 
exposed  to  individual  thermal  and  chemical  environments  and  b.  Samples  exposed  to  a 
thermal/chemical  combined  environment 


Discussion 


Mechanisms  of  deactivation 

Prior  to  discussing  the  results  it  is  important  to  understand  the  means  by  whieh  the  deaetivating 
agents  aehieve  their  purpose.  Even  though  the  specifie  nature  of  damage  remains  unknown,  dry 
heat  related  deaetivations  have  been  found  to  be  responsible  for  DNA  damage(Setlow,  2005). 
Deaetivation  due  to  iodine  in  solution  has  been  eharaeterized  as  one  of  the  following  intertwined 
observations.  The  iodine  in  solution  is  believed  to  either  inaetivate  the  eortieolytie  enzymes 
responsible  for  eortex  degradation  during  germination,  or  alter  the  eortex  strueture  sueh  that  it 
does  not  degrade  during  germination  (Miyata  et  ah,  1997,  Tennen  et  ah,  2000). 

Observations 

Existing  theories  applied  to  studies  involving  iodine  in  solution  ean  be  eonsidered  here  to  explain 
the  behaviors  observed  in  Eigs.  4  and  5.  Eor  example,  researeh  has  shown  that  Bacillus 
thuringiensis  has  an  inherent  thermal  defense  mechanism  embedded  into  its  structure  in  order  to 
thermo-regulate  itself  and  proteet  its  vital  proteins  which  lie  in  its  protoplast  (see  Eig.  3) 
(Alexander  et  ah,  1998).  Thermal  regulation  within  the  spore  is  aehieved  by  retaining  liquid  (i.e., 
water)  in  the  outer  layers  of  its  eore  (Hoffman  et  ah,  1968,  Drummond  and  Pflug,  1970, 
Alexander  et  ah,  1998).  Indeed  it  is  literary  faet  that  spores  have  water  eontent;  yet  this  theory 
may  not  apply  here  beeause  our  study  employs  dried  spores  whereas  [10,  36-37]  studied  wet 
spores.  With  dry  spores,  the  intrinsie  water  eontent  is  minimal,  and  the  balanee  of  the  amount  of 
water  versus  the  amount  of  heat  would  not  produee  the  same  observed  effects. 

A  second  useful  theory  is  based  on  the  observed  lag  times.  Similar  lag  times  assoeiated 
with  deaetivation  have  been  observed  for  tests  using  bioeidal  solutions  (Russell,  1996,  Earson 
and  Marinas,  2003,  Corona- Vasquez  et  ah,  2002).  The  reasons  for  this  lag  were  initially  not 
known  but  the  results  showed  the  lag  time  shortened  with  inerease  in  temperature  (Corona- 
Vasquez  et  ah,  2002,  Earson  and  Marinas,  2003).  A  mathematieal  model  was  developed  by 
Eernando  et  al.  (Eernando  and  Othman,  2006)  based  on  solute  eoneentration  as  the  faetor 
eontrolling  lag  time.  A  eritieal  iodine  in  solution  eoneentration  was  determined  before 
deaetivation  can  begin,  therefore  explaining  the  lag.  Their  analyses  [41]  was  based  on  similar 
eoneentration  related  observations  (Watson,  1908).  An  equation  was  developed  based  on  this 


model  which  held  relatively  true  for  biocide  solutions  and  their  effects  on  bacteria  (Fernando  and 
Othman,  2006).  The  initial  hypothesis  may  be  to  assume  the  same  model  could  be  applied  to 
biocidal  gas,  and  not  just  biocidal  solutions.  However,  this  theory  does  not  hold  for  biocides  in 
the  gaseous  phase  according  to  Fig.  5a.  We  see  that  even  when  using  the  same  concentrations  of 
iodine,  when  there  is  no  temperature  involved,  no  deactivation  effects  are  observed  as  compared 
to  the  combination  results.  Therefore  the  concentration  of  iodine  gas  alone  does  not  influence 
deactivation  and  some  other  explanation  is  needed  to  for  the  lag  time  in  these  gaseous  studies. 

We  propose  a  third  theory.  The  essence  of  the  spore  is  multiple  layers  of  proteins  lying 
on  top  of  one  another.  The  spore  is  known  to  be  a  porous  medium  (Russell,  1998,  Gerhardt  et 
ah,  1976,  Setlow,  2005).  We  suggest  viewing  the  pores  within  the  spore  as  a  network  of  conduits 
as  modeled  by  Dullien  (1979,  181-190)  and  shown  in  Fig.  6a  (Kaviany,  1995). 


Fig.  7  Networks  of  conduit  a.  2-D,  b.  3-D 

Fig.  6b  shows  a  simplified  version  of  what  this  may  look  like  in  a  3  dimensional  visual,  with  the 
spore  core  as  the  center  sphere.  This  would  present  a  fair  representation  based  on  the  fact  that  the 
spore,  like  the  Dullien  model,  has  variant  pore-size  distributions.  Literature  shows  that 
temperature  increase  causes  structural  changes  in  proteins  (Tommasi  et  ah,  2009,  Heremans  and 
Smeller,  1998,  Tilton  et  ah,  1992).  These  volume  affecting  changes  have  been  attributed  to  an 
increase  in  the  porosity  of  the  proteins  (Tilton  et  ah,  1992,  Tommasi  et  ah,  2009).  The  Dullien 
model  offers  an  equation  to  calculate  the  permeability  of  a  three  dimensional  network  using;  the 
Darcy  law,  the  Hagen-Poiseuille  equation  and  the  cumulative  pressure  drop  [44]  as  in  Eq.  (3). 


(3) 


K  = 


In  Eq.  (3),  i  =  1,2,3  represents  the  three  orthogonal  coordinate  axes  and  j  =  1,2,...,N  is  the  index 
for  the  capillary  segment  j;  Si  represents  the  pore  volume  of  the  medium  represented  by  the 
component  network  i;  Vij  =  (7i/4)dj  hj,  where  dj  is  the  diameter  of  the  segment];  and  fj  =  capillary 
segment  length]  in  the  i  direction  (Kaviany,  1995).  We  want  to  draw  attention  to  G  which  is 
representative  of  porosity.  What  is  deduced  from  this  is  that  an  increase  in  the  porosity  of  this 
system  results  in  an  increase  in  the  permeability.  Literature  shows  that  for  proteins,  an  increase 
in  temperature  causes  an  increase  in  porosity  and  relating  this  to  the  Dullien  model  equation,  Eq. 
(3)  ,  the  porosity  increase  relates  to  an  increase  in  permeability(Tilton  et  ah,  1992,  Tommasi  et 
ah,  2009). 

Our  hypothesis  therefore  is  that  in  relation  to  the  deactivation  of  Bacillus  thuringiensis 
using  gaseous  iodine  and  temperature,  improved  deactivation  rates  are  based  on  an  increase  in 
spore  permeability  which  allows  the  iodine  particle  to  reach  its  point  of  destruction  faster  (i.e., 
cortex),  and  this  is  simultaneously  supported  by  the  temperature’s  deactivation  effects  on  the 
core.  Not  only  is  the  permeability  increased  but  the  temperature  change  will  increase  the  kinetic 
energy  of  the  biocidal  gas.  This  is  based  on  the  average  molecular  kinetic  energy  which  can  be 
described  in  Eq.  (4). 


mV^ 

2 


(4) 


In  Eq.  (3),  m  is  mass,  V  is  velocity,  k  is  the  Boltzmann  constant  and  T  is  temperature  (Serway 
and  Jewett,  2004).  This  increase  in  gas  temperature  will  increase  the  velocity  and  mass  transfer 
rate  of  gas  into  the  spore.  This  lines  up  accurately  with  the  observed  results  and  provides  an 
understanding  of  the  manner  of  deactivation  using  iodine  gas  and  temperature  as  opposed  to 
iodine  solutions. 


Conclusion 

The  results  suggest  a  synergistic  behavior  between  the  iodine  gas  and  temperature  in  the 
deactivation  of  Bacillus  thuringiensis.  Due  to  the  modes  of  deactivation  this  synergistic  behavior 


may  be  beneficial  in  the  reduction  of  dwell  times.  In  regard  to  thermite  reactions  and  their 
thermal  propagation  gradient,  this  knowledge  would  prove  useful  in  potentially  improving 
deactivation  efficiency.  The  results  suggest  a  thermite  reaction  with  increased  spatial  temperature 
distribution  and  slow  burning  characteristics  could  potentially  show  sizable  improvements  as  a 
spore  neutralization  medium. 

Acknowledgements 

The  authors  are  grateful  for  the  financial  support  received  from  the  Defense  Threat  Reduction 
Agency  (DTRA)  on  this  project  and  the  encouragement  and  support  of  our  program  manager,  Dr. 
Suhithi  Peiris. 


References 


ALEXANDER,  C.  A.,  OGDEN,  J.  S.,  EEVERE,  M.  A.,  DYE,  C.  E.  &  KOHEER,  D.  E.  1998. 
Thermal  Deactivation  of  Aerosolized  Bacteria.  Defense  Threat  Reduction  Agency. 

BAIEEY-SMITH,  K.,  TODD,  S.  J.,  SOUTHWORTH,  T.  W.,  PROCTOR,  J.  &  MOIR,  A.  2005. 
The  ExsA  protein  of  Bacillus  cereus  is  required  for  assembly  of  coat  and  exosporium 
onto  the  spore  surface.  Journal  of  Bacteriology,  187,  3800-3806. 

BAZYN,  T.,  GEUMAC,  N.,  KRIER,  H.,  WARD,  T.  S.,  SCHOENITZ,  M.  &  DREIZIN,  E.  E. 

2007.  Reflected  shock  ignition  and  combustion  of  aluminum  and  nanocomposite  thermite 
powders.  Combustion  Science  and  Technology,  179,  457-476. 

BEOOMEIELD,  S.  E.  &  ARTHUR,  M.  1994.  Mechanisms  of  Inactivation  and  Resistance  of 
Spores  to  Chemical  Biocides.  Journal  of  Applied  Bacteriology,  76,  S91-S104. 

CLARK,  B.  R.  &  PANTOYA,  M.  L.  2010.  The  aluminium  and  iodine  pentoxide  reaction  for  the 
destruction  of  spore  forming  bacteria.  Phys  Chem  Chem  Phys,  12,  12653-7. 

CLERY-BARRAUD,  C.,  GAUBERT,  A.,  MASSON,  P.  &  VIDAL,  D.  2004.  Combined  effects 
of  high  hydrostatic  pressure  and  temperature  for  inactivation  of  Bacillus  anthracis  spores. 
Appl  Environ  Microbiol,  70,  635-7. 

CORONA-VASQUEZ,  B.,  SAMUELSON,  A.,  RENNECKER,  J.  E.  &  MARINAS,  B.  J.  2002. 
Inactivation  of  Cryptosporidium  parvum  oocysts  with  ozone  and  free  chlorine.  Water 
Res,  36,  4053-63. 

DAVID,  J.  R.  D.  &  MERSON,  R.  E.  1990.  Kinetic-Parameters  for  Inactivation  of  Bacillus- 
Stearothermophilus  at  High-Temperatures.  Journal  of  Food  Science,  55,  488-&. 

DRIKS,  A.  1999.  Bacillus  subtilis  spore  coat.  Microbiology  and  Molecular  Biology  Reviews,  63, 

1-+. 

DRUMMOND,  D.  W.  &  PEEUG,  1.  J.  1970.  Dry-heat  destruction  of  Bacillus  subtilis  spores  on 
surfaces:  effect  of  humidity  in  an  open  system.  Appl  Microbiol,  20,  805-9. 

EERNANDEZ,  P.  S.,  OCIO,  M.  J.  &  MARTINEZ,  A.  1994.  Relation  between  Thermal- 
Resistance  and  Dpa  Content  in  Variants  of  the  Same  Strains  of  Bacillus- 
Stearothermophilus  Spores.  Letters  in  Applied  Microbiology,  19,  118-120. 

EERNANDO,  W.  J.  &  OTHMAN,  R.  2006.  Relevance  of  diffusion  through  bacterial  spore 

coats/membranes  and  the  associated  concentration  boundary  layers  in  the  initial  lag  phase 
of  inactivation:  a  case  study  for  Bacillus  subtilis  with  ozone  and  monochloramine.  Math 
Biosci,  199,  175-87. 

GENEST,  P.  C.,  SETEOW,  B.,  MEEEY,  E.  &  SETEOW,  P.  2002.  Killing  of  spores  of  Bacillus 
subtilis  by  peroxynitrite  appears  to  be  caused  by  membrane  damage.  Microbiology,  148, 
307-14. 

GERHARDT,  P.  &  MARQUIS,  R.  E.  1989.  Spore  thermoresistance  mechanisms.  American 
Society  for  Microbiology,  43-63. 

GERHARDT,  P.,  PANKRATZ,  H.  &  SCHERRER,  R.  1976.  Eine  Structure  of  the  Bacillus 
thuringiensis  Spore.  Appl  Environ  Microbiol,  32. 

GRIEEITH,  J.,  MAKHOV,  A.,  SANTIAGOLARA,  E.  &  SETLOW,  P.  1994.  Electron- 

Microscopic  Studies  of  the  Interaction  between  a  Bacillus-Subtilis  Alpha/Beta-Type 
Small,  Acid-Soluble  Spore  Protein  with  DNA  -  Protein-Binding  Is  Cooperative,  Stiffens 
the  DNA,  and  Induces  Negative  Supercoiling.  Proc  Natl  Acad  Sci  USA,  91,  8224-8228. 

HEREMANS,  K.  &  SMEEEER,  E.  1998.  Protein  structure  and  dynamics  at  high  pressure. 
Biochim  Biophys  Acta,  1386,  353-70. 


HOFFMAN,  R.  K.,  GAMBILL,  V.  M.  &  BUCHANAN,  L.  M.  1968.  Effect  of  cell  moisture  on 
the  thermal  inactivation  rate  of  bacterial  spores.  Appl  Microbiol,  16,  1240-4. 

INGLESBY,  T.  V.,  HENDERSON,  D.  A.,  BARTEETT,  J.  G.,  ASCHER,  M.  S.,  EITZEN,  E., 
ERIEDEANDER,  A.  M.,  HAUER,  J.,  MCDADE,  J.,  OSTERHOLM,  M.  T.,  O'TOOLE, 
T.,  PARKER,  G.,  PERL,  T.  M.,  RUSSELL,  P.  K.  &  TONAT,  K.  1999.  Anthrax  as  a 
biological  weapon:  medical  and  public  health  management.  Working  Group  on  Civilian 
Biodefense.  JHMA  281,  1735-45. 

JUNG,  J.  H.,  LEE,  J.  E.,  LEE,  C.  H.,  KIM,  S.  S.  &  LEE,  B.  U.  2009.  Treatment  of  fungal 

bioaerosols  by  a  high-temperature,  short-time  process  in  a  continuous-flow  system.  Appl 
Environ  Microbiol,  75,  2742-9. 

KAVIANY,  M.  1995.  Principles  of  Heat  Transfer  in  Porous  Media,  Springer-Verlag. 

KIDA,  N.,  MOCHIZUKI,  Y.  &  TAGUCHl,  E.  2004.  An  effective  iodide  formulation  for  killing 
Bacillus  and  Geobacillus  spores  over  a  wide  temperature  range.  J  Appl  Microbiol,  97, 
402-9. 

KOURNIKAKIS,  B.,  MARTINEZ,  K.  E.,  MCCLEERY,  R.  E.,  SHADOMY,  S.  V.  &  RAMOS, 
G.  201 1.  Anthrax  letters  in  an  open  office  environment:  effects  of  selected  CDC  response 
guidelines  on  personal  exposure  and  building  contamination.  J  Occup  Environ  Hyg,  8, 
113-22. 

LAI,  E.  M.,  PHADKE,  N.  D.,  KACHMAN,  M.  T.,  GIORNO,  R.,  VAZQUEZ,  S.,  VAZQUEZ,  J. 
A.,  MADDOCK,  J.  R.  &  DRIKS,  A.  2003.  Proteomic  analysis  of  the  spore  coats  of 
Bacillus  subtilis  and  Bacillus  anthracis.  Journal  of  Bacteriology,  185,  1443-1454. 

LARSON,  M.  A.  &  MARINAS,  B.  J.  2003.  Inactivation  of  Bacillus  subtilis  spores  with  ozone 
and  monochloramine.  Water  Res,  37,  833-44. 

LEE,  J.  H.,  WU,  C.  Y.,  WYSOCKI,  K.  M.,  EARRAH,  S.  &  WANDER,  J.  2008.  Efficacy  of 
iodine-treated  biocidal  filter  media  against  bacterial  spore  aerosols.  J  Appl  Microbiol, 

105,  1318-26. 

LEE,  Y.  H.  &  LEE,  B.  U.  2006.  Inactivation  of  Airborne  E.  coli  and  B.  subtilis  Bioaerosols 
Utilizing  Thermal  Energy.  J.  Microbiol.  Biotechnol,  16,  1684-1689. 

MCDONNELL,  G.  &  RUSSELL,  A.  D.  1999.  Antiseptics  and  disinfectants:  Activity,  action,  and 
resistance.  Clinical  Microbiology  Reviews,  12,  147-+. 

MCKENNEY,  P.  T.  &  EICHENBERGER,  P.  2012.  Dynamics  of  spore  coat  morphogenesis  in 
Bacillus  subtilis.  Molecular  Microbiology,  83,  245-260. 

MIYATA,  S.,  KOZUKA,  S.,  YASUDA,  Y.,  CHEN,  Y.,  MORIYAMA,  R.,  TOCHIKUBO,  K.  & 
MAKING,  S.  1997.  Localization  of  germination-specific  spore-lytic  enzymes  in 
Clostridium  perfringens  S40  spores  detected  by  immunoelectron  microscopy.  FEMS 
Microbiol  Lett,  152,  243-7. 

MULLICAN,  C.  L.,  BUCHANAN,  L.  M.  &  HOEEMAN,  R.  K.  1971.  Thermal  inactivation  of 
aerosolized  Bacillus  subtilis  var.  niger  spores.  Appl  Microbiol,  22,  557-9. 

NICHOLSON,  W.  L.,  MUNAKATA,  N.,  HORNECK,  G.,  MELOSH,  H.  J.  &  SETLOW,  P. 

2000.  Resistance  of  Bacillus  endospores  to  extreme  terrestrial  and  extraterrestrial 
environments.  Microbiology  and  Molecular  Biology  Reviews,  64,  548-+. 

PAIDHUNGAT,  M.,  SETLOW,  B.,  DRIKS,  A.  &  SETLOW,  P.  2000.  Characterization  of 
spores  of  Bacillus  subtilis  which  lack  dipicolinic  acid.  Journal  of  Bacteriology,  1 82, 
5505-5512. 


PENNELL,  K.  G.,  ARONSON,  A.  L  &  BLATCHLEY,  E.  R.,  3RD  2008.  Phenotypic  persistence 
and  external  shielding  ultraviolet  radiation  inactivation  kinetic  model.  J  Appl  Microbiol, 
104,  1192-202. 

REDMOND,  C.,  BAILLIE,  L.  W.  J.,  HIBBS,  S.,  MOIR,  A.  J.  G.  &  MOIR,  A.  2004. 

Identification  of  proteins  in  the  exosporium  of  Bacillus  anthracis.  Microbiolopy-Spm, 
150,355-363. 

RUSSELL,  A.  D.  1996.  Activity  of  biocides  against  mycobacteria.  So c  Appl  Bacteriol  Symp  Ser, 
25, 87S-101S. 

RUSSELL,  A.  D.  1998.  Mechanisms  of  bacterial  resistance  to  antibiotics  and  biocides.  Prog 
Med  Chem,  35,  133-97. 

SERWAY,  R.  A.  &  JEWETT,  J.  W.  2004.  Physics  for  Scientists  and  Engineers,  Cengage 
Learning. 

SETLOW,  P.  1995.  Mechanisms  for  the  Prevention  of  Damage  to  DNA  in  Spores  of  Bacillus 
Species.  Annual  Review  of  Microbiology,  49,  29-54. 

SETLOW,  P.  2003.  Spore  germination.  Current  Opinion  in  Microbiology,  6,  550-556. 

SETLOW,  P.  2005.  Spores  oi Bacillus  subtilis:  their  reistance  to  and  killing  by  radiation,  heat 
and  chemicals.  J  Appl  Microbiol. 

TENNEN,  R.,  SETLOW,  B.,  DAVIS,  K.  L.,  LOSHON,  C.  A.  &  SETLOW,  P.  2000. 

Mechanisms  of  killing  of  spores  of  Bacillus  subtilis  by  iodine,  glutaraldehyde  and  nitrous 
acid.  J  Appl  Microbiol,  89,  330-8. 

TILTON,  R.  E.,  JR.,  DEWAN,  J.  C.  &  PETSKO,  G.  A.  1992.  Effects  of  temperature  on  protein 
structure  and  dynamics:  X-ray  crystallographic  studies  of  the  protein  ribonuclease-A  at 
nine  different  temperatures  from  98  to  320  K.  Biochemistry,  31,  2469-81. 

TODD,  S.  J.,  MOIR,  A.  J.  G.,  JOHNSON,  M.  J.  &  MOIR,  A.  2003.  Genes  oi Bacillus  cereus 
and  Bacillus  anthracis  encoding  proteins  of  the  exosporium.  Journal  of  Bacteriology, 

185,  3373-3378. 

TOMMASI,  E.  D.,  REA,  I.,  RENDINA,  I.,  ROTIROTI,  L.  &  STEEANO,  L.  D.  2009.  Protein 

conformational  changes  revealed  by  optical  spectroscopic  reflectometry  in  porous  silicon 
multilayers.  J Phys  Condens  Matter,  21,  035115. 

WATSON,  H.  E.  1908.  A  Note  on  the  Variation  of  the  Rate  of  Disinfection  with  Change  in  the 
Concentration  of  the  Disinfectant.  J  Hyg  (Lond),  8,  536-42. 

ZHANG,  P.  F.,  THOMAS,  S.,  LI,  Y.  Q.  &  SETLOW,  P.  2012.  Effects  of  Cortex  Peptidoglycan 
Structure  and  Cortex  Hydrolysis  on  the  Kinetics  of  Ca(2+)-Dipicolinic  Acid  Release 
during  Bacillus  subtilis  Spore  Germination.  Journal  of  Bacteriology,  194,  646-652. 


DISTRIBUTION  LIST 
DTRA-TR-13-52 


DEPARTMENT  OF  DEFENSE 


DEFENSE  THREAT  REDUCTION 
AGENCY 

8725  JOHN  J.  KINGMAN  ROAD 
STOP  6201 

FORT  BEEVOIR,  VA  22060 
ATTN:  S.  PEIRIS 

DEFENSE  TECHNICAE 
INFORMATION  CENTER 
8725  JOHN  J.  KINGMAN  ROAD, 
SUITE  0944 

FT.  BEEVOIR,  VA  22060-6201 
ATTN:  DTIC/OCA 

DEPARTMENT  OF  DEFENSE 
CONTRACTORS 

QUANTERION  SOEUTIONS,  INC. 
1680  TEXAS  STREET,  SE 
KIRTLAND  AFB,  NM  87117-5669 
ATTN:  DTRIAC 


DL-1 


